Abstract: For replacing the cost and time consuming 13 C DP-MAS NMR spectroscopy reliable models describing the development of the carbon aromaticity of pyrolysis chars with increasing process temperature should be evolved by means of the micropetrographic parameters reflection, remission, Vickers microhardness and content of semicoke. It has shown that componential constitution and remission is rather caused by the process temperature and depends therefore only indirectly on the aromaticity. The parameters' reflectance and microhardness, however, increase with increasing aromaticity due to the higher molecular ordering, even if the relationship is not linear. All obtained correlations are highly significant and well fitted, but the model concerning the reflectance leads to most appropriate results.
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Introduction
The non-energetically utilisation of coal provides the opportunity for building bridges between conventional fossil energy sources and renewables, so that applied research focuses currently on this topic as never before. Thereby, pyrolysis takes a unique position since it is the initial step of most conversion processes (e.g., combustion, gasification, and hydrogenation). But on the other hand, it offers also an independent method for upgrading solid fuels. Understanding the pyrolysis behaviour of coal as well as the arising changes in the chemical, physical and petrographic structures is therefore of fundamental importance. On this premise, the Deutsches EnergieRohstoff-Zentrum DER (German Centre for Energy Resources) as an interdisciplinary corporation of different research groups investigates the pyrolysis behaviour of coal intensively.
A very convincing parameter for that matter is the carbon aromaticity of the coal respectively the solid pyrolysis residues (char). The aromaticity is defined as total fraction of aromatic carbon without considering the carboxylic bonds: 
Unfortunately, the determination of f a is rather complex. For its direct analytically measurement, the 13 C solid state NMR is the only analytical technique which is generally accepted. Caused by the fact that this method is both cost and time consuming, replacing correlations with more basic measures have to be found.
Even before the NMR-spectroscopy was developed, first steps for that purpose were done. Since the early 1950s, van Krevelen inferred the densimetric constitution analysis for raw coals and pyrolysis residues just from the basics of their structural chemistry. Especially for pyrolysis chars, he developed the following practicable equation for calculating their carbon aromaticity from the ultimate and proximate analysis (van Krevelen, 1953 
In the formula, the symbols V and C fix refer to the percentile portions of volatile matter respectively fixed carbon applied to a dry and ashfree reference base (daf). Furthermore, M c relates to the reduced molecular weight of the char per carbon. But since the total content of hydrogen, oxygen and nitrogen cannot be released due to pyrolysis, its solid residue is not only comprised of carbon. Hence, the M c value is calculated by dividing the molar mass M(C) = 12.01 g/mol by the percentile carbon content C daf . The disadvantage of this method, however, is its pure mathematically derivation without consolidating the results by NMR-spectroscopy. So, later on further research by Retcofsky and Link (1978) revealed that this method results in too high carbon aromaticity values.
Apart from van Krevelen (1953) , further work was done for calculating the carbon aromaticity by Jones et al. (1986) , Carr and Williamson (1989) , Rentrop (1989) , Maroto-Valer et al. (1994) , Mazumdar (1999) and Genetti et al. (1999) . All of their models have the advantage that they were verified by NMR-spectroscopy. But, unfortunately, they are only valid for bituminous coals.
Nevertheless, direct aromaticity measurements of pyrolysis chars were also done quite frequently and from different points of view for a broad series of different rank raw coals (like Vasallo et al., 1987) . For instance, Chou et al. (1984) , Pugmire et al. (1991) , Maroto-Valer et al. (1996) , Perry et al. (2000) and the British Coal Company (BCC, 1992) examined the influence of the temperature, whereas Miknis et al. (1988) and Fletcher et al. (1990 Fletcher et al. ( , 1992 investigated the dependence of the residence time on the pyrolysis process. Besides that, Solum et al. (1989) analysed also the influence of the heating rate. Even the combination of aromaticity measurements with petrographic analysis was already touched roughly by Malumbazo et al. (2011) . All these works deal with 13 C solid state NMR experiments. Moreover, Ibarra et al. (1994) and Lin et al. (2014) studied results of the Fourier transform infrared spectroscopy (FT-i.r.) with regard to the process temperature of different coals. But nevertheless, in all cases only exclusive measurements were conducted and no continuing modelling was undertaken.
To fill this void between aromaticity correlations for feedstock coals and pure NMR-measurements for pyrolysis chars, this research study was conducted. For that manner, the adaptability of the published models for bituminous coals on brown-coals and their pyrolysis residues is analysed and new models considering micropetrographic parameters are developed.
Experimental method

Sample preparation
A lower rank lignite from the Eocene was used as raw coal for this study. It originates from the lower seam group of the open-pit mine at Schöningen, Helmstedt mining area (Germany). A detailed review of its geology and stratigraphy was recently given by Hamann et al. (2015) . Further information considering the maceral composition of the raw coal is given in Table 1 .
By pyrolysing, 40 g of the parent coal in a lab-scale fixed bed reactor the examined chars were produced. Therefore, the feedstock was oven-dried at 105°C for 24 h and pulverised to particle sizes smaller than 2 mm. The used test rig operated with nitrogen as inert flushing gas at atmospheric pressure. A residence time at final temperature was foregone. Due to its roughly adjustable furnace and the limited volume of its gas catching system, process temperatures up to 800°C could be realised. Further construction details for the testing device can be obtained in Reichel et al. (2011) . For this study, 14 experiments were run between 300 and 800°C at a distance of about 50 K. The char yields and the results of the ultimate and proximate analysis of the parent coal and the residues are given in Table 2 . Table 1 Percentile maceral composition of the parent coal, classified according to the ICCP System of 1994 1 and the ICCP Handbook (1963, 1971, 1975, 1993) 
16.2
Notes:
1 The official ICCP-System 1994 was published in three research articles concerning the maceral groups of huminite (Sýkorová et al., 2005) , vitrinite (ICCP, 1998 ) und inertinite (ICCP, 2001 . The Liptninte-group was not newly reviewed. Therefore, the ICCP Handbook (1963, 1971, 1975, 1993 ) is furthermore valid and used here. In terms of unaltered and partially reacted coal macerals.
13 C solid state nuclear magnetic resonance spectroscopy ( 13 C DP-MAS NMR)
Direct polarisation-magic angle spinning-nuclear magnetic resonance (DP-MAS-NMR) spectroscopic measurements were carried out for the raw coal and eight pyrolysis chars using a Bruker Avance 400 WB spectrometer at 100.6 MHz for 13 C with 14 kHz spinning frequency and 4 mm zirconium dioxide (ZrO 2 ) rotors. Since the analysed char being exposed to the highest pyrolysis temperature (~700°C) was expected to have the longest spin-lattice-relaxation time T1, Torchia-sequence (Torchia, 1978) was applied to it. A T1 value of 8 s for the aromatic carbons at 110 ppm was determined, resulting in a recycle delay of 40 s (5 * T1, 90° excitation pulse) which was shortened to 15 s by using 30° excitation (pulse length: 1.1 μs). The number of scans ranged from 10,510 to 12,303. The chemical shift was referenced externally using the CH-group signal of adamantane (38.5 ppm with respect to TMS = 0 ppm). Phase and baseline were corrected manually with Bruker TopSpin 2.1. The background signal (empty rotor) was measured using the same parameters as the samples and subtracted from the spectra.
The signals were deconvoluted using DMfit 2011 (Massiot et al., 2002) with Gaussian line shapes. Additionally, the spectra were integrated using trapz-function in MATLAB R2012a. Therefore, integration limits of -50 to 90 ppm for aliphatic carbon and one aromatic spinning side band (SSB), 90 to 167 ppm for aromatic and sp2-carbon, and 250 to 300 ppm for the other aromatic SSB were applied. Assuming approximately equal intensity for high-and low-field SSB at these spinning frequencies, the intensity of the low field SSB was subtracted from aliphatic and added to aromatic signal intensity. The aromaticity was calculated from deconvolution and integration, respectively, to yield reliable values with an accuracy of ± 0.04.
Petrographic analyses
For the petrographic analyses, with the exception of the diffuse reflectance, polished particulate blocks were prepared using ISO standard 7404/2 (2009a). Therefore, the feedstock coal was air-dried and crushed to about 1 mm. The solid residue of the pyrolysis was not further cut up since the resulting structures of the thermal treatment should not be destroyed. Beyond that, the particles were approximately in the right size due to the thermal fracturing.
Component analysis
For the conventional maceral analysis of the feedstock, the nomenclature according to the ICCP Handbook (1963, 1971, 1975, 1993) was used. The solid residues, however, were characterised by a threefold classification distinguishing between components of the original macerals, the coked material and the inorganic residues. This adapted system was drawn in dependence on the ICCP handbook, further literature and results of the microscopic research of the author, as shown in .
Both maceral and component analysis were conducted according to the ISO standard 7404/3 (2009b). Therefore, a Leica DM 4000 P petrographic microscope was used with classical bright field and fluorescence mode. In total, 500 points were evaluated at a magnification of ×500 with an immersion lens. To ensure that these points are regular spread over the whole particulate block, a semi-automatic point counter from PELCON Materials and Testing ApS, Søborg, was utilised.
Reflectance R 0
The reflectance is defined as percentage of the near-normal incident light reflected from a polished surface. It is regarded as a useful measure of the coal rank and the degree of carbonisation. Hence, the measurement of the reflectance was conducted according to ISO standard 7404/5 (2009c). For each sample, 100 points of the typical ulminite and its coked counterpart in the solid residue respectively were measured by connecting the Leica microscope with a photospectrometer from A.S. & Co GmbH, Munich.
Vickers microhardness HV
Adapted from the material sciences, the Vickers microhardness has proven as a valuable instrument in investigating coals and their process residues. Therefore, it was measured with the Microhardness Tester VMHT, model VMH-002V, from Walter Uhl GmbH, Aßlar. But the relatively small magnification of ×100 of the dry objective and its monochrome incident light imagine made the differentiation of the diverse residual components very difficult. On that account, the measurements were conducted on dense and more or less homogenous densinite and its coked pendants, respectively. In dependence on the EN ISO standard 6507/1 (Deutsches Institut für Normung, 2005) and Stach et al. (1982) for each sample 50 individual measurements were done.
Remission β 45/0
In contrary to the reflectance above, the remission (= diffuse reflectance) corresponds to the ratio of the light density of a sample to that of a perfectly matt white standard related to the same illumination and observation conditions. The used method for measuring it was developed for rapid determination of qualitative coal parameters by Jacob (1958) and is further described in the DIN standard 5036/Suppl. 1 (Deutsches Institut für Normung, 1980) . In dependence to this publication, the granular samples were air-dried and milled to very fine particle sizes (< 0.2 mm). Afterwards, these were transferred into the test vessel and an ideal untextured surface was prepared by pressing. For the measurements, the spectrocolorimeter SPEKOL from Carl Zeiss Jena with the remission module R 45/0 was utilised. Hence, the standard illumination geometry in relation to the sample surface with an incident angle of 45° and a measurement angle of 0° was ensured. Furthermore, a red filter was used in the monochromator for isolating the wavelength of 660 nm. For improving the measuring accuracy, the device was calibrated by magnesia powder as matt white standard and additional with a light grey colour standard (β 45/0 = 61.7%). On every sample, three individual measurements were conducted. These results were referenced to the matt white magnesia powder ultimately.
Results and discussion
Pyrolysis temperature dependence
The obtained NMR and micropetrographic data for the raw coal and its pyrolysis chars are given in Table 2 . Caused by the Eocene age and the exposition to a subsequent more intensively diagenesis of the feedstock, its aromaticity is slightly elevated against other lignites from younger tertiary periods. Therefore, the dimension of the aromaticity and its development with increasing temperature is comparable to those reported by the BCC (1992). There, a bituminous coal from the Littleton colliery in Huntington (Staffordshire, UK) with a similar aromaticity was pyrolysed in an analogue manner and analysed by 13 C cross polarisation (CP)-MAS NMR spectroscopy.
With increasing temperature there is a small initial decrease in aromaticity compared to the raw coal, which is slightly surprising. Even stronger developed, this effect was also observed by the BCC (1992). The most probable explanation for this is the decomposition of highly volatile aromates in form of very unstable huminites. An evidence therefore is the gently decrease in the unaltered to partially reacted coal macerals. The simultaneously increase of the remission confirms this aspect ( Figure 1) . As a measure of the brightness conditions of the total char, the remission is caused by the bitumen and ash content. So, due to the release of darker huminites a higher content of lighter liptinites and minerals would remain behind. And this would, in turn, result in the observed higher remission value.
Between 350 and 450°C most liptinites are converted to volatile products, such as tars and oils, gaseous phases and decompositional water, due to depolymerisation of weak bonds which results in the steep decrease in original coal macerals. Furthermore, the molecular structure of the main part of the huminites reorganises due to the thermal treatment to form semicokes. Both processes lead to the strong rise of the aromaticity and the observed decrease of the remission.
Apart from minor variations resulting from the natural heterogeneity of the raw coal, above 450°C the composition of the residues does not change anymore. The coking of the huminites and semicokes, however, goes on and so the aromaticity increases further, too. But since the main conversion is passed, its slope is quite more gently. Extrapolating this trend, it is expected that an aromaticity of f a = 1 is reached around 800°C. This would coincide with the beginning of the final transformation of semicoke to coke. The further decrease of the remission values, however, runs more or less unaffected steep for higher temperatures. This is caused by the ongoing coking processes as well as the gradually decrease of the inorganic matter due to the thermal cracking of clay minerals. Furthermore, the approached minor changes in the microcomponential stack are directly depicted by the remission.
Aromaticity dependence
Unlike componential constitution and remission, the reflectance and Vickers microhardness are highly affected by the carbon aromaticity itself (Figure 2) . So, these parameters depend only indirectly on the pyrolysis temperature. Compared to the raw coal, almost no effect in reflexion arises, while even the least thermal exposure draws drasticy increase in the Vickers microhardness due to marginal coking processes. Further on, both parameters develop very similar due to their common causal relation. In the medium temperature range between 350 and 450°C (corresponding to an R 0 -value of 0.8%), both parameters rise very slightly due to the release of aliphatic carbons and the formation of isolated aromatic rings.
At higher temperatures, the condensation and reorganisation of the isolated aromatic rings to polycyclic aromatics with three to five rings (Carr and Williamson, 1989) leads to a molecular rearrangement due to the more intensively coking. Therefore, the increase in reflectance and microhardness is distinctly steeper.
Altogether, the present data show good accordance to the results of Carr and Williamson (1989) concerning the development of reflectance in coals of increasing rank. Only the final flattening of the graph above reflectance values of 3.0% described in their work cannot be observed. But with further increase of the pyrolysis temperature this effect is expected.
Furthermore, this analogy of coal and char characteristics states a reason for the adaptability of aromaticity correlations from the coal research to the pyrolysis chars. 
Modelling the carbon aromaticity
Adaptability of published models
The model developed by van Krevelen (1953) especially for pyrolysis chars conveys the real development only in principle since the values are generally overestimated by using equation (2). Especially for the pyrolysis chars being exposed to more than 700°C the overestimation exceeds the maximal possible aromaticity of 1.0. So, the declared trend by Retcofsky and Link (1978) can be confirmed. The application of the model on raw coals, however, produces obviously reduced values. As expected, this model appears to be appropriate in trend for residues but not at all for feedstock coals (Table 3) . Furthermore, a couple of models for calculating the carbon aromaticity using the ultimate and proximate analysis of bituminous coals were already developed (Table 3, Figure 3 ). By modifying the graphical-densimetric method of van Krevelen (1953) , Mazumdar (1999) evolved the following correlations between the H/C-ratio and the carbon aromaticity respectively the needed molar volume, 
where the modification coefficient X varies between 0.115 and 0.125, depending on the coal rank. For the residues observed in this study, the suggested values of 0.115 was applied since they contain less than 84% carbon. This results in a more simplified equation: Compared to the measured values, the aromaticity is significantly overestimated for the raw coal and the lower temperature chars. With increasing temperature, however, the values become more alike to the measured and above 450°C the estimated aromaticity expresses the measurements even very well. Therefore, this model appears to be more appropriate than that of van Krevelen (1953) . But for the both highest tempered chars, the same effect of crossing the aromaticity limit like according to van Krevelen (1953) is observed. The correlation after Maroto-Valer et al. (1994) considers the H/C-ratio with different coefficient values as follows:
In reference to its dimension and development, the relationship between aromaticity and pyrolysis temperature is depicted even better than by Mazumdar (1999) . But again, the results of this method exceed the possible aromaticity limit for the both highest tempered chars. Therefore, the aromaticity values above 1.0 should be cut to this limit. With this, the model according to Maroto-Valer et al. (1994) offers an appropriate method for estimating the aromaticity with chemical data for raw coals as well as pyrolysis residues. Furthermore, with a variation between 0 and 6% its range of tolerance is even smaller than the error of the 13 C CP-MAS NMR being between 2 and 15 mole carbon % as estimated by Snape et al. (1989) . Genetti et al. (1999) applied the carbon content as described in equation (5). But in comparison to the measured aromaticity values it becomes apparent, that this method results in considerably too low values for both raw coal and pyrolysis residues. 0.0159 % 0.564
According to Rentrop (1989) , the aromaticity can also be calculated using the ultimate analysis and the oxygen distribution. But against the aforementioned definition, the carboxylic bonded carbon is also integrated in this model. Therefore, this model is not further discussed. The correlations according to Jones et al. (1986) , and Carr and Williamson (1989) , in turn, consider the maceral composition and the vitrinite reflectance. Nonetheless, they are not transferable to the pyrolysis residues due to their different microcomponential stack and classification system.
Development of own models
New models considering reflectance, Vickers microhardness, remission or percentile content of semicoke in the char are evolved by statistical methods. Each of them has an extremely high coefficient of determination (R 2 ) as a measure of the curve fitting goodness (Table 4) . But apart from the causal relations, the relatively small number of measurements plays also a role.
Developing these models has proved to be much more complex than for chemical parameters since their correlation with the carbon aromaticity is not linear. For the remission, the relationship could be described best in total by using a quadratic function. However, its relationship to the aromaticity is not that strictly monotonic like for the other parameters since the remission is influenced directly by the temperature as well as the naturally varying microcomponential stack. Table 4 Correlation models using petrographic parameters
Parameter Correlation for defined validity range (coefficient of determination, significance)
Reflectance R Referred to the other parameters, there is no basic function describing their nonlinear relation as a whole. So, the models had to be split. According to the obtained results of the micropetrographic analyses, the threshold was set at a temperature of 450°C which correlates to a reflectance value of 0.8%. For the feedstock coal and the lower to middle tempered chars, the drastically increasing aromaticity is described best by quadratic or cubic functions. For the higher tempered chars, however, logistic functions turned out to fit well to the more slightly f a -increase. Although the models lose in practicability due to subdividing and applying of more complex functions, this method is worth since the correlations become much more precise and highly significant. Sole exception from the latter attribute is given by the R 0 ≤ 0.8% correlation of the microhardness due to its sensitivity to least thermal manipulations. All developed models result in reliable values within very narrow error margins (< 5%, Table 3 ). Nevertheless, the model using reflectance is most appropriate while that applying the remission is the least suitable one. The other two are more or less of equal quality (Figure 4 ).
Figure 4
Correlations of the models using micropetrographic parameters and the pyrolysis temperature
Conclusions
By means of the micropetrographic parameters reflection, remission, microhardness and content of semicoke reliable models describing the development of the carbon aromaticity with increasing temperature could be evolved. All obtained correlations are highly significant and well fitted. But the relationship to the reflectance leads to most appropriate results. With this, a new instrument was created for basically researching the structural changes during coal pyrolysis. Advantage of this statistically tool is its rather simple applicability even to smallest amounts of residues. But since the method is designed for lignite pyrolysis without using a residence time further research in optimising and verifying the correlations has to be done: Especially the influence of the residence time and the rank of the feedstock coal has to be examined because both factor are expected to lead to an even steeper and/or earlier increase of the carbon aromaticity.
